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Mature messenger RNAs (mRNAs) consist of coding
sequence (CDS) and 50 and 30 UTRs, typically ex-
pected to show similar abundance within a given
neuron. Examining mRNA from defined neurons, we
unexpectedly show extremely common unbalanced
expression of cognate 30 UTR and CDS sequences;
many genes show high 30 UTR relative to CDS, others
show high CDS to 30 UTR. In situ hybridization (19 of
19 genes) shows a broad range of 30 UTR-to-CDS
expression ratios across neurons and tissues. Ratios
may be spatially graded or change with develop-
mental age but are consistent across animals.
Further, for two genes examined, a 30 UTR-to-CDS
ratio above a particular threshold in any given neuron
correlated with reduced or undetectable protein
expression. Our findings raise questions about the
role of isolated 30 UTR sequences in regulation of
protein expression and highlight the importance of
separately examining 30 UTR and CDS sequences in
gene expression analyses.
INTRODUCTION
Individual genes include coding exons (CDS), non-coding in-
trons, and 50 and 30 UTRs at the beginning and end of the tran-
scription unit, respectively. After initial transcription, intron
splicing, and polyadenylation, it is typically thought that these
components are maintained as a single entity until translation
of protein and/or degradation of the mRNA. Here, we unexpect-
edly foundwidespread differential expression of CDS and 30 UTR
regions, with widely different ratios of the two occurring in
different neurons, cells, and tissues. We first observed this by
analysis of transcripts in neurons isolated by TRAP (translating
ribosome affinity purification [Heiman et al., 2014]). Initially, by
manual inspection we observed several genes with abundant
30 UTR sequences present in the absence of CDS sequences,
which we verified by qRT-PCR and in situ hybridization. The
presence of 30 UTR without CDS for some genes has alsoNebeen documented by Mercer et al. (2011). Our in situ hybridiza-
tion revealed that the 30 UTR to CDS ratio could vary widely
across neurons/cells and tissues, with some cells showing
high 30 UTR to CDS ratio but others showing the opposite. We
also found that the ratio in different cells appeared consistent
across embryos, can vary in spatially graded ways, and can be
developmentally regulated, indicating that it is not random but
part of a developmental program. We extended the analysis
further by bioinformatic analysis of transcriptomes of three
defined neuronal populations to show that genes with high 30
UTR:CDS ratio are enriched for genes involved in development,
whereas those with comparable 30 UTR and CDS are enriched
for more generic cell biological processes. Initial analysis also
suggests that high levels of isolated 30 UTR compared to CDS
correlates with low protein expression, suggesting that isolated
30 UTRs may play a role in negative regulation of protein levels.
Collectively, our findings reveal an unexpected differential
expression of CDS and 30 UTR in neurons that may affect protein
expression, with implications for the generation and use of at-
lases of gene expression in brain.
RESULTS
High Levels of 30 UTR in the Presence of Low Levels of
Coding Sequence
To study transcripts in developing midbrain dopaminergic (DA)
neurons, mRNA was selectively isolated using dopamine trans-
porter (DAT) TRAP mice (Figure 1A; top) (Doyle et al., 2008; Hei-
man et al., 2008) (http://www.gensat.org) with 12 pools of 40
E15 DAT embryos subjected to RNA sequencing (RNA-seq)
analysis. Individual results were analyzed for all 12 pools (sam-
ples), with bulk bioinformatic analyses performed on samples
1–4 (s1–4) (Figures 1 and 4).
Visual inspection of individual gene transcripts from E15 DAT
mice using the IGV browser (Robinson et al., 2011; Thorvalds-
do´ttir et al., 2013) showed good replication of mRNA reads for
both housekeeping genes (e.g., Actb and Hprt) and genes
expected to be more selectively expressed in embryonic DA
neurons (e.g., tyrosine hydroxylase [Th]) (Figure 1A). Interestingly,
unlike Th and Hprt, a number of genes, including Sox11 and
Sox12, showed high expression of the 30 UTR region of the
gene (6,000 reads for Sox11) in the absence of any, or veryuron 88, 1149–1156, December 16, 2015 ª2015 Elsevier Inc. 1149
Figure 1. High Levels of 30 UTR RNA Are Expressed in the Presence of Low Levels of Cognate Coding Sequence
(A) Expression of DAT-GFP (green) in most TH+ (red) ventral midbrain DA neurons (see merge), but not in other neurons. Right: size distribution of amplified
representative cDNA libraries using Agilent 2100 Bioanalyzer High Sensitivity DNA Chip. Bottom: RNA-seq traces visualized by IGV show consistent cognate
coding sequence (CDS) and 30 UTR reads for Hprt and Th across s1–s4. Sox11 and Sox12 consistently show unequal expression of 30 UTR compared to CDS
sequences in the same samples. Note: because these samples were produced from low amounts of mRNA, the exact read numbers may not represent the
quantity in situ. mRNA abundance was independently verified for 19 genes including Sox11 and Sox12 by real-time PCR (qRT-PCR) and/or in situ hybridization to
tissue sections.
(B) qRT-PCR validation of RNA-seq data. Hprt and Th show both 30 UTR and CDS amplified sequences, whereas only 30 UTR sequences were robustly amplified
for Sox11 and Sox12. Error bars represent SEM for 3 replicates. Primer locations and IGV traces shown on right (and see Figure S1; Table S1).low, coding (CDS) expression (eight reads), resulting in a ‘‘high 30
UTR to CDS ratio’’ (Figures 1A and S1A), calculated here as sim-
ply the number of reads; see Experimental Procedures. The 30
UTR to CDS ratio for many genes was consistent across all
four replicate samples comprised of hundreds of embryos1150 Neuron 88, 1149–1156, December 16, 2015 ª2015 Elsevier Incfrom E15 DAT+ neurons (Figure 1A, and other eight samples;
data not shown). Beta Actin (Actb), although highly expressed,
also showed a much higher number of 30 UTR reads
(109,000) than CDS reads (4,800) (Figure S1A). Due to low
amounts of mRNA used for RNA-seq, the exact number of reads.
may be under-represented; however, in all cases the ratio was
verified by qRT-PCR and in situ hybridization to be as predicted
by RNA-seq; see below. Bioinformatic analysis of 30 UTR tran-
scripts further show that many possess poly(A) tails and had
been previously annotated as distinct genes in databases (e.g.,
Sox11 in Figure S1D, and data not shown).
To validate expression determined by RNA-seq, we carried
out qRT-PCRwith multiple primer sets for each of four genes ex-
pressed in DA neurons, two with a high 30 UTR to CDS ratio
(Sox11 and Sox12) and two with similar levels of 30 UTR and
CDS (Hprt and Th) (Figure 1B and Table S1). Both Hprt and Th
30 UTR and CDS sequences were amplified (Figure 1B, blue
bars), whereas for Sox11 and Sox12, 30 UTR expression predo-
minated; only a few Sox11 and Sox12 CDS transcripts were de-
tected (Figure 1B, purple bars). As a control and to verify this
finding, four additional CDS primer sets for Sox12 were used.
First, both CDS and 30 UTR primer sets amplified sequence
from a full-length Sox12 cDNA (Figure S1Ba), whereas only 30
UTR but not the four additional CDS primers amplified sequence
from E15 DATmRNA. In addition, as for DA neurons, only 30 UTR
but not CDS sequences were amplified from cDNA derived by
conventional methods (non-TRAP) from either NIH 3T3 cells or
Mouse Embryonic Fibroblasts cells (Figures S1Bb, S1Bc, and
S1Bd), suggesting that the unequal amplification of Sox11 and
Sox12 30 UTR compared to CDS sequences from DA neurons
was not due to 30 bias in cDNA synthesis or library preparation
from TRAP mRNA, a point further supported by in situ hybridiza-
tion studies.
Two-Color In Situ Hybridization Shows Dramatically
Divergent Levels of Cognate 30 UTR and CDS Sequences
during Development and in the Adult
To examine whether unequal expression of 30 UTR and CDS se-
quences was specific to E15 DA neurons, and to independently
validate expression, we carried out two-color in situ hybridiza-
tion with probes specific to 30 UTR (red signal) and CDS (green
signal; Figures 2 and 3) sequences in single sections (Table S2
for in situ probes). We focused initially on Sox11 and Sox12
due to the very high 30 UTR to CDS ratio in DA neurons and
because SoxC genes (Sox4, 11, 12) play regulatory roles in neu-
ral cell fate and specification (Wang et al., 2013). Strikingly,
Sox11 and Sox12 30 UTR and CDS sequences (Figures 2A–2C)
showed a dissociation of expression in all tissues examined
and at all ages, including adult (Figures 2Ba and 2Bb; sense
probes showed no signal [data not shown]). For both genes,
cells with 30 UTR to CDS ratios that were high (red), relatively
equal (yellow), or very low (green) were readily detected (Fig-
ure 2). In some cases 30 UTR and CDS sequences were segre-
gated into different cell compartments: Sox12 CDS was pre-
dominantly cytoplasmic in E18 peripheral ganglia and Sox12 30
UTR largely nuclear (Figure S2, p < 0.01; similar to findings by
Mercer et al., 2011).
To determine the prevalence of unbalanced 30 UTR to CDS
expression, we examined 19 genes by in situ (Table S2 for list)
and found dissociated 30 UTR to CDS expression for all 19,
including the highly expressed Actin (Actb) and Gapdh genes
as well as lower expressed axon guidance genes. In an embry-
onic coronal section, Actb expression appears predominantlyNeyellow and green (denoting equal and high CDS to 30 UTR
expression, respectively; Figures S2Ca and S2Cc). In contrast,
and as predicted by RNA-seq, DA neurons show higher Actb
30 UTR than CDS (Figure S2D). Gapdh shows similar 30 UTR to
CDS ratios in most tissues but a dissociation of sequences in
developing lung (Figures S2Cb and S2Cd).
All genes examined demonstrated spatial regulation of 30 UTR
toCDS ratios acrossdifferent neurons/cells. In fact,we found that
a given gene can show a very high 30 UTR-to-CDS ratio in one cell
or set of neurons, andavery low30UTR-to-CDS ratio in other neu-
rons or cells, even when the two groups are spatially adjacent. A
dramatic example isHnrnpa0 expression in the periphery, as one
group of cells appears red (i.e., no CDS), while an adjacent tissue
appears green (i.e., no 30 UTR [Figure S3Cc]). In turn, a given cell
can express a high 30 UTR-to-CDS ratio of one gene and low 30
UTR-to-CDS ratio for a second gene, easily documented in the
adult hippocampus (Figures 2Ba and 2Bb), where the Sox11
CDS, but not 30 UTR, is highly expressed in pyramidal neurons
(see white arrows). In an adjacent section, these neurons show
high Sox12 30 UTR expression and low Sox12 CDS. It appears,
then, that regulation of 30 UTR-to-CDS ratio for a given gene is
determined on a case-by-case basis at the cellular level and is
not intrinsic to the gene. This ratio can change with time, e.g.,
newly born (embryonic day 12 [E12]) DA neurons express high
levels of Sox12 CDS (Figure S3Ab), but by E15–E18 Sox12 30
UTR expression predominates in all DA neurons, consistent
with the RNA-seq data (Figures S3Ac, S3Ad, and S3Ae).
We also observed dramatic patterns of 30 UTR to CDS expres-
sion ratios appearing as stripes of interwoven red, green, and
yellow neurons or gradients of 30 UTR to CDS ratios within a tis-
sue, as exemplified by Sox11 in the developing forebrain or cor-
tex (Figures 2Bc and 2Bd). Because these expression patterns
appeared non-random, we examined whether 30 UTR to CDS
ratio ‘‘patterns’’ might correlate with known biological events.
Specifically, we examined neuronal specification, subsets of
neurons, and axonal guidance during development.
Ctip2, a zinc finger transcription factor, marks developing hip-
pocampal pyramidal and cortical projection neurons (Arlotta
et al., 2005; Simon et al., 2012). When examined in relation to
Sox11 30 UTR and CDS expression, Ctip2 mRNA correlates
withSox11CDSbut not 30UTRexpression in the adult hippocam-
pus (Figures 2Ca and 2Cb). At E18 Ctip2 protein in hippocampus
is similarly more highly expressed in neurons with high Sox11
CDS-low 30 UTR than in neurons with lower Sox11 CDS-high 30
UTR (i.e., Figures 2Cc and 2Cc0; gray versus white arrows).
To determine whether 30 UTR sequences could mark subsets
of neurons, we examined five genes that showed high 30 UTR to
CDS in early DA neurons. Of these, three, including Hnrnpa0,
show high UTR expression in most DA neurons (Figure S3Ca).
The Marcks UTR, however, is restricted to lateral, not medial
DA neurons, whereas the Sox4 UTR is restricted to medial, not
lateral DA neurons (Figures S3Ca and S3Cb). As expected
from RNA-seq, neither express high levels of the Marcks or
Sox4 CDS. Thus, UTR sequences can demarcate subsets of
developing DA neurons.
Finally, we examined a well-understood system, the devel-
oping spinal cord, for expression of Sonic Hedgehog (Shh),
Netrin-1 (Ntn1), and the attractive Netrin-1 receptor Deleted inuron 88, 1149–1156, December 16, 2015 ª2015 Elsevier Inc. 1151
Figure 2. Two-Color In Situ Hybridization Shows Dramatically Different Ratios of cognate 30 UTR to CDS Sequences in Different Tissues,
Different Cells, in Gradients and across Development
A survey of differential expression of Sox11, Sox12, and Map2 using probes specific for CDS (green) or 30 UTR (red) sequences in single sections.
(A) (a–d)Sox11 andSox12 in adjacent sections, each gene shows a distinct pattern of 30 UTR to CDS ratios across olfactory epithelium (a and b) and bulb (c and d).
Sox12 30 UTR and Sox11 CDS sequences are highly (and reciprocally) expressed in the absence of their cognate sequences (a and b; white arrows). (e and f)
Sox11 and Sox12 30 UTR and CDS expression in representative non-neural tissue. (g and h)Map2 in the developing olfactory system; note clear demonstration of
cells expressing: high (white), low (green), and comparable (yellow-arrows) 30 UTR to CDS in a single tissue section.
(B) (a and b) Sox11 and Sox12 in adult hippocampus; note different gradient of Sox11 compared to Sox12 30 UTR to CDS along the length of the pyramidal cell
layer. White arrows show a region of high Sox12 30 UTR (low CDS) but high Sox11 CDS (low 30 UTR). (c and d) Sox11 30 UTR and CDS sequences appear as
interwoven stripes of high 30 UTR (red), high CDS (green), or 30 UTR and CDS co-expression (yellow/orange) in E15 forebrain (c) and cortex (d).
(C) (a) Sox11 30 UTR (red) and CDS (green) (top part of hippocampus same micrograph as Bb) mRNA in adult hippocampus compared to (b) Ctip2 expression in
same region (from Allen Developing Mouse Brain Atlas, http://developingmouse.brain-map.org/experiment/show/74990505). Note high Sox11 CDS-low 30 UTR
corresponds to high Ctip2 in the adult CA1 and dentate gyrus (DG). (c) Ctip2 protein (blue) at E18 correlates with high Sox11 CDS (green) to 30 UTR (red) in
hippocampal pyramidal (s pyr) neurons (c0). In E18 cortex, Ctip2 is negatively correlatedwith highSox11 30 UTR toCDS (c0 0). Ctip2 high (white) and low (gray arrow)
expressing layers.
Scale bars: (Aa) and (Ab), 300 mm; (Ac), (Ad), (Ae), (Af), and (Ah), 600 mm; (Ag), 1.8 mm; (B) left, 0.9 mm; (B) right, 15 mm; (Ca), (Cb), and (Cc) right columns, 480 mm;
(Ca), (Cb), and (Cc) left column, 280 mm (and Figures S2–S4; Table S2).Colorectal Cancer (Dcc). In developing spinal cord, Shh and
Ntn1 both show high expression of 30 UTR and CDS sequences
in the floor plate (FP) (Figure S4Aa; white arrows) but dissociated
30 UTR to CDS expression in tissues other than FP (Figure S4Ab).
Interestingly, the most dorsal spinal cord neurons express high1152 Neuron 88, 1149–1156, December 16, 2015 ª2015 Elsevier Inclevels of Dcc 30 UTR, whereas slightly more ventral neurons
(including neurons known to respond to Netrin-1 [Keino-Masu
et al., 1996]) express high levels of the Dcc CDS (Figure S4Aa,
orange arrows). Three genes expressed at lower levels, the
repulsive Netrin receptors Unc5b, c, and d, also show.
dissociated expression of 30 UTR to CDS sequences in areas
near Shh and Ntn1 expression (Figures S4Ba–S4Bf0).
We next examined genes that showed relatively similar 30 UTR
to CDS expression in DA neurons by RNA-seq such as Th and
Map2, a neuronal microtubule binding protein. Map2 shows un-
balanced 30 UTR to CDS expression in some developing neural
tissue (Figures 2Ag and 2Ah) and inmany peripheral regions (Fig-
ures S5A and S5C), with very high (Figure 2Ag; white arrow), very
low (green arrow), or similar ratios ofMap2 30 UTR to CDS (yellow
arrow). For Th, whereas ventral midbrain DA neurons express
high levels of both Th 30 UTR and CDS,many if not all of the other
neurons in the midbrain express high levels of the Th 30 UTR but
not CDS (Figure 3A top; gray arrow and see text below).
The 30 UTR to CDS Ratio Correlates with Protein
Expression Levels for TH and Map2
TH protein expression in the midbrain is well documented to be
restricted to a small population of ventral neurons positioned
symmetrically around the midline (Figures 3A and S3B). We
were therefore surprised to see robust expression of Th 30 UTR
in most neurons and low but clearly detectable Th CDS flanking
the ventricle (Figure 3A, top row, gray and white arrows) in E15
midbrain. As expected, protein expression in this same section
was restricted to a fan region in the ventral midbrain (Figure 3A,
top row, blue signal, yellow arrow), and no protein was detected
in dorsal regions. From this we hypothesized that protein expres-
sion might be determined not by the absolute level of CDS (or 30
UTR) expression but instead by the ratio of 30 UTR to CDS.
To begin to test this idea, we first measured pixel intensities for
30 UTR,CDS, andprotein for TH in individual cells fromembryonic
midbrain (Figure 3B) and developing olfactory bulb (Figure S5B)
and plotted the 30 UTR/CDS pixel ratio versus the pixel level of
TH protein. In parallel, TH protein expression was scored blind
by twoobservers (Figures 3Band 3C). An inverse relationship be-
tween the 30 UTR/CDS ratio andTHprotein expressionwas found
by both pixel value and visual inspection (Figures 3B and 3C). No
cells with a 30 UTR/CDS ratio greater than 3 (range 0–9) were
scored visually as TH protein+, and TH protein pixel values in
those cells were, with one exception, all below 10 (i.e., low, as
the range is 0–80) (Figure 3C, red symbols). Conversely, cells
scored visually as TH protein+ (Figure 3C; blue symbols) showed
a 30 UTR/CDS ratio of less than 2. Cells visually ambiguous for TH
protein (green symbols), showed protein pixel levels below 25
and had a 30 UTR/CDS ratio between 1 and 3 (gray bar in Figure
3C). The 30 UTR/CDS ratios and protein level in neurons visually
scored as TH+ versus TH were significantly different (p < 0.01
for both; ambiguous neurons omitted; Figure 3C).
For Map2, we found very similar results, as almost all cells
visually scored as Map2+ had a 30 UTR/CDS ratio lower than 3
(Figures 3A, 3D, 3E, and S5A), whereas most cells with a 30
UTR/CDS ratio greater than 3 were Map2. Two differences be-
tween Map2 and TH were observed. First, whereas Map2 was
visually scored as ‘‘low’’ in cells that expressed high 30 UTR/
CDS, unlike TH it was rarely completely undetectable. However,
in cells with a higher 30 UTR/CDS ratio, the Map2 protein ap-
peared to be localized perinuclearly. Second, we observed
many cells (mostly epithelial) with high levels of the Map2 CDS
but no or undetectable levels of Map2 30 UTR, and these cellsNe(clustered on the y axis in Figure 3E; shown in Figure S5D),
without exception, showedmoderate to high levels of Map2 pro-
tein. Interestingly, cells that showed expression ofMap2 CDS in
the absence of detectable 30 UTR expressed more protein than
cells that expressed higher levels of Map2 CDS but which also
expressed high levels of theMap2 30 UTR (Figure S5D). This rai-
ses the possibility that the ratio of CDS to 30 UTR, rather than ab-
solute CDS level, may dictate levels of protein expression.
Evidence that Distinct 30 UTR:CDS Ratios Correlate with
Distinct Gene Ontologies
To begin to understand if genes that show high 30 UTR expres-
sion in DA neurons are a random assortment of genes or instead
relate to a specific set of biological processes distinct from those
with similar levels of 30 UTR and CDS, we focused on the RNA-
seq data. Here, for each gene we quantified the relative abun-
dance of 30 UTR to CDS as the fractional ratio of (30 UTR mean
coverage)/( 30 UTR mean coverage + CDS mean coverage);
varies from 0 to 1. For E15 DAT (s1–4), 9,000 genes showed
significant expression, and a plot of their 30 UTR:CDS ratios re-
veals a bell shaped curve (Figure 4A), showing that genes can ex-
press very high 30 UTR in the absence of CDS, or, as seen by
in situ hybridization, high CDS in the absence of 30 UTR.
We further focused on genes with high 30 UTR:CDS ratios
(>0.95; Hi 30 UTR genes; Table S6) and compared their gene
ontology (GO) (biological function) to genes with a comparable
ratio (0.4–0.6), termed ‘‘Comp genes.’’ For this analysis, we
compared E15 DAT (s1–4) to TRAP-derived RNA-seq data
from other neuronal populations, E18 DAT neurons, and E15
serotonergic (5HT) neurons (i.e., distinct aminergic neurons).
Strikingly, within each neuronal population, we found clear differ-
ences between the GO biological categories of Hi 30 UTR genes
and their respective Comp genes (Figures 4B and 4C). Hi 30 UTR
genes but not Comp genes showed frequent mention of the
key words ‘‘development,’’ ‘‘morphogenic,’’ and ‘‘organ,’’ i.e.,
related to cell-type-specific and developmental processes (Fig-
ure 4B; significant difference between Hi 30 UTR and Comp
genes for each neuron type; p < 0.01, Fisher’s exact test). In
contrast, Comp gene GO categories were enriched for words
such as ‘‘transport’’ and ‘‘nucleotide’’ and includedmore generic
cell biological categories that are not tissue specific for each
(complete list of GO categories in Tables S3, S4, and S5).
Further, we found that within each of the three populations, the
GO categories for Hi 30 UTR and Comp genes were completely
non-overlapping (Figure 4C; white boxes, 0% overlap and Ta-
bles S3, S4, and S5). Interestingly there was a dissociation in
the relatedness of Hi 30 UTR and Comp genes across neuronal
types. As might be expected for different neuronal populations,
E15 DAT and 5HT Comp genes were 7.1% identical in GO cate-
gories. In contrast, their Hi 30 UTRGOcategories were 52% iden-
tical (Figure 4C). Thus, it appears that at least for these distinct
but anatomically close neurons, Hi 30 UTR genes are, as a group,
more related to each other than are Comp genes.
DISCUSSION
Here we show that for many genes, in developing and adult tis-
sues and both the nervous system and throughout the body,uron 88, 1149–1156, December 16, 2015 ª2015 Elsevier Inc. 1153
Figure 3. Protein Expression of Map2 and TH Is Very Low or Undetectable in Cells that Show a 30 UTR/CDS Ratio of Greater than 3
(A) Single sections of E15 brain (top) or eye (lower two) and 30 UTR (red) and CDS (green) sequences stained with corresponding antibody (blue). Top: dramatic
expression of Th 30 UTR in most cells in E15 coronal midbrain (gray arrow) and Th CDS (white arrow) outside the canonical ‘‘dopaminergic neuron’’ region (in
dorsal medial cells). TH protein (blue stain; yellow arrow) is restricted to known ventral location (and pattern) of midbrain DA neurons. Rows 2 (low) and 3 (hi)
power:Map2 30 UTR (red), CDS (green), and protein (blue) in a single section. The gradient of Map2 protein (more on the ventral right side) is positively correlated
with CDS but not 30 UTR expression.
(B and D) Examples of numberedmidbrain or eye cells from high-power photomicrographs selected for quantitation of TH orMap2 30 UTR, CDS, and protein pixel
levels (measured using ImageJ software).
(C) Top: graph of 80 cells pooled frommidbrain (diamond) and olfactory bulb (circle) of 30 UTR/CDS pixel ratio versus TH protein pixel value. Cells visually scored
as TH ‘‘on, lo or no, or off’’ are marked by blue, green, and red symbols, respectively; those with a 30 UTR/CDS ratio of >3 show very low levels of TH protein (in
pixels) and were all visually scored as TH (red icons). Most but not all cells with a ratio of <2 were visually scored as TH+ (blue icons). The 30 UTR/CDS pixel ratio
and TH protein pixel levels were significantly different in cells visually scored as ‘‘on’’ versus ‘‘off’’ (p > 0.01 n = 29, 44, respectively; ambiguous [green] cells
omitted). Error bars for graph on left are represented as SEM for 80 cells, for graph on right 73 cells (ambiguous [green] cells omitted).
(E) Graph of 79 cells pooled fromperipheral ganglia (diamond), eye (circle), muscle (square), and epithelium (triangle) of 30 UTR/CDSpixel ratio versusMap2protein
pixel value. Cells visually scored asMap2 ‘‘high,med, and lo’’ aremarked by blue, green, and red symbols. Both the 30 UTR/CDSpixel ratio andMap2 protein pixel
levels were significantly different in cells visually scored as ‘‘high’’ or ‘‘lo’’ (p > 0.01 n = 23, 28 for each; ambiguous [green] cells omitted). Cells with a 30 UTR/CDS
ratio of >3 show low levels of Map2 protein (in pixels) and are scored as Map2 ‘‘lo’’ (red icons). Conversely, most but not all cells with a ratio of <2 are scored as
Map2+ (blue icons). Error bars for graph on left are represented as SEM for 70 cells, for graph on right 56 cells (medium [green] cells omitted). (Also see Figure S5.)
Scale bars: (A) top, 1.5 mm; (A) middle, 550 mm; (A) bottom, 80 mm; (B), 45 mm; (D), 60 mm.
1154 Neuron 88, 1149–1156, December 16, 2015 ª2015 Elsevier Inc.
Figure 4. Distinct 30 UTR:CDS Ratios Correlate with Distinct Gene
Ontologies
(A) Frequency histogram of the number of genes in E15 DAT neurons with each
30 UTR/(30 UTR+CDS) ratio in 0.1 fractional increments (total of 9,000 genes)
averaged for s1–4. Genes with ratios above 0.95 are designated Hi 30 UTR
genes, 0.4–0.6 (comparable levels of 30 UTR and CDS) as Comp genes, and
ratios < 0.1 as Lo 30 UTR genes (and S6).
(B) For each group of neurons, E15 DAT, E15 5HT, or E18 DAT, the GO cat-
egories of 30 UTR and Comp genes are qualitatively different. Each Hi 30 UTR
and CompGO category list was searched for the presence or absence of eight
‘‘key’’ words and the percent of GO categories containing each word, for each
Nethere is a distinct dissociation of expression of cognate CDS and
30 UTR sequences, producing varying ratios of 30 UTR toCDS se-
quences in different cells. Our results extend a prior study that
had documented expression of 30 UTR sequences in the
absence of CDS for some genes (Mercer et al, 2011). We show
that for many other genes, the CDS can be higly expressed in
the absence of high UTR (as also noted for a few genes by
Mercer et al. 2011), that the ratio of 30 UTR to CDS for particular
genes appears to be non-random as they are consistent across
hundreds of embryos in a particular cell type, and that they exist
in distinctive spatial patterns and gradients. The subcellular
localization of CDS and 30 UTR can also be distinct, in a cell-
type and developmentally regulated way. In addition, we show
that for two proteins examined, protein expression is inversely
correlated with a high 30 UTR/CDS ratio and more clearly corre-
lated with that ratio than with absolute levels of CDS. Finally, we
document that for a given neuronal type, the GO biological cat-
egories of genes with Hi 30 UTR are non-overlapping with genes
that show approximately equal 30 UTR:CDS ratios. In sum, CDS
and 30 UTR transcript expression appear to be independently
regulated in a developmental, cell-specific, and subcellular
fashion, and this appears to occur for large numbers of genes
across multiple tissue types and developmental stages.
The mechanism by which differential expression of 30 UTR and
CDS sequences occurs remains to be determined. Previously, it
was proposed (Mercer et al., 2011) that high-level 30 UTR:CDS
might arise at least in some cases by selective degradation of
the CDS with sparing of the 30 UTR sequences. We found that
many of the Hi 30 UTR genes have been previously annotated as
independent sequences and have poly(A) tails, a requisite for
normal mRNA function (Ji and Tian, 2009), suggesting that the
independently expressed 30 UTR sequences may be bona fide
mRNAs. How cells express high levels of CDS sequences in
absenceofdetectable30 UTR isunclearand requires further study.
The reason for independent regulation of 30 UTRandCDS tran-
scripts is also uncertain, but since a high 30 UTR/CDS is inverselyneuronal type, is plotted. Hi 30 UTRGO categories (right) frequently include the
words development (blue), differentiation (light blue), and morphogenesis (sky
blue bars), whereas Comp GO categories often include transport (orange) and
nucleotide (pink). Transport was mentioned in all three Comp gene GO cate-
gories, but these categories are mostly distinct as many categories contain
‘‘transport.’’ Hi 30 UTR genes are significantly enriched for GO categories
related to development compared to Comp genes (Fisher’s exact test, p < 0.01
for each; see Tables S3, S4, and S5 for GO categories and Table S6 for Hi 30
UTR genes).
(C) Quantitative analysis of 30 UTR and Comp gene GO categories. (a) Percent
overlap of Hi 30 UTR and Comp GO categories for each of the three neuronal
sets. Hi 30 UTR compared to Comp genes; white boxes; 0% overlap. Hi 30 UTR
across neurons; orange boxes 36%–52%, Comp across neurons; yellow
boxes 7%–16%. (b) Comp GO categories for E15 DAT (green bars) and E15
5HT (orange bars) neurons show a small overlap (7.1%), whereas their 30 UTR
GO categories show high overlap (52%). GO categories for Lo genes (high
CDS-low 30 UTR) for each neuronal set are similar across neuronal type but
distinct from Comp or Hi 30 UTR GO categories (Figure S6). Further, an addi-
tional subset of genes, those showing high ‘‘50 UTR’’ (>1.53 CDS-30 UTR
coverage in at least two of four E15 DAT samples), contain a subset of genes
that belong to midbrain development or stem cell proliferation, GO categories
not associated with Hi 30 UTR, Comp, or Lo genes (Figure S6). These genes will
require additional study.
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correlated with protein expression in the two cases examined,
we propose that the 30 UTR:CDS ratio might represent a control
mechanism for protein expression. In two prior studies, overex-
pression of the proteolipid protein (PLP) 30 UTR caused
decreased PLP protein expression both in vitro and in vivo (Mal-
lon andMacklin, 2002), and the in vitro expression of a full-length
rather than truncated 30 UTR for five genes in lymphocytes re-
sulted in reduced reporter protein expression in all cases (Sand-
berg et al., 2008). Regulation of protein expression via overabun-
dance of isolated 30 UTR relative to CDS sequence may allow for
flexible protein regulation, allowing the gene to be in an active
state of transcription but with protein levels tamped down.
We show that patterns of 30 UTR to CDS expression in situ
localize to specific classes of developing neurons, define subsets
of neurons, andcorrelatewithbiological function in thedeveloping
spinal cord. Interestingly, in developing DA and 5HT neurons
many genes that showed high 30 UTR:CDS ratios were genes
documented to be necessary for development of non-neural pe-
ripheral organs, and it is tempting to speculate that the 30
UTR:CDS ratio helps ensure that such proteins are not mis-ex-
pressed in these neurons. Regulation of the 30 UTR:CDS may
act to precisely titrate the amount of protein expressed in each
neuron acting to regulate genes involved in critical developmental
fate decisions atmultiple times and tissuesduringembryogenesis
such as Sox11 and Sox12. Unregulated expression of widely ex-
pressed developmental genes in neurons could possibly result
in incorrect and even irreversible fate decisions. On the other
hand, genes that showed relatively equal 30 UTR:CDS in devel-
oping DA neurons include genes involved in energy production,
metabolite transport, and nucleobase synthesis andwould be ex-
pected to be expressed in all developing DA neurons.
Finally, these findings have important implications for brain at-
lases and RNA-seq analyses that are tabulated by measuring
mRNA with probes to undefined locations along the gene. We
suggest that rather than simply reporting ‘‘mRNA level,’’ a
more informative way to obtain a dynamic picture of the potential
for protein production may be through the independent analysis
of 30 UTR, CDS, and 30 UTR:CDS ratio of each gene in each
particular cell type or region.
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